Abstract. In recent experiments, the conformational change of proteins has been monitored by means of electrical measurements. In this paper we propose a model able to reproduce the variation of some conductive features of a protein resulting by its morphological transformations. To this purpose we map each protein into a network of interacting elementary impedances. The biological root (the kind of aminoacids and their mutual distance) determines the value of each elementary impedance. Accordingly, a global impedance is determined for each protein configuration. Thus, the value of the impedance is put in correspondence with the native or activated state of the protein. With this method we are also able to asses the size of the conformational change. The model is applied to the study of two quite different proteins, the light trans-membrane receptor, bovine rhodopsin, and the enzyme acetylcholinesterase (AChE). The results obtained for these proteins support the scenario in which conformational change is large in size and widespread in rhodopsin, while it is localized and small in AChE.
Introduction
The electrical properties of living matter is a long time explored field in biological researches. From Galvani experiments on frogs to the discovery of the brain electrical activity, the last three centuries have unmistakably shown the electrical origin of many processes in living matter [1] . On the other hand, in the field of nanoelectronics, there are at present big expectancies on the use of biological macromolecules as elementary devices based on single molecular electronics [2, 3, 4, 5] . Therefore, it turns to be of interest to understand what, if any, are the conductive properties of specific biological macromolecules and how is it possible to make use of them in applications [6, 7] . In particular, recent experiments [3] have related the conformational change of olfactory proteins, due to the capture of a specific ligand, to a variation of their impedance spectra and, in particular, to the change of their resistance.
These results open the door to the possibility of using proteins as very refined sensors, able to determine, through an electrical signal, the presence and the concentration of the substance to be detected.
In the present paper we address this issue by investigating the variation of the impedance spectrum associated with the change of the geometrical structure due to the conformational change in two different kind of proteins, the bovine rhodopsin and the enzyme acetylcholinesterase (AChE). We focus our attention on these proteins because of their peculiarities: Bovine rhodopsin is the best known protein of the huge family of the seven-helices transmembrane receptors (the so called G protein coupled receptors GPCRs), and it is commonly used as a template to infer the structure of other members of the family [8, 9] . AChE is a very fast enzyme, which has a crucial role in the transmission of neural signals [10] . Both undergo a conformational change when going from the native to the activated state. The former when capturing a photon, the latter when binding to acetylcholine or to one of its inhibitors. As a consequence, it is potentially possible to reveal their conformational change by measuring some variations of their conductance properties. In this respect, it is crucial to determine whether this change is sufficiently large to be detectable within the experimental error, thus making possible to transduce the sensing action of the protein into an electrical signal.
The paper is organized as follows. Section 2 briefly describes the theoretical model. Sections 3 and 4 report the results together with their physical interpretation. Major conclusions are drawn in Sect. 5.
Theory

The impedance network: The AA model
Our aim is to determine the variation of the protein impedance spectrum [11] subsequent to a conformational change, by taking into account only geometrical changes in the structure of the protein. To this purpose, we assume that the 3D structures of the protein in its native and activated state are known from the public data base available in the literature [12] or similarly. Then we introduce a two step procedure.
First, the protein in an assigned state is represented by means of a topological network (graph) [13, 14, 15, 16] . Each node of this graph corresponds to a single aminoacid; then, if two amino-acids are closer than an assigned cut-off distance, R , a link is drawn between the corresponding nodes. The distance R definitely selects the shape of the network, and is here taken as an adjustable parameter of the model. Accordingly, the choice of its value has to be headed by physical constraints. At this stage, we limit ourselves to observe that the network is built up with a strategy analogue to that of random graphs, by using R , instead of a constant probability, to select the effective links [17] . Therefore, for this model we have the possibility to recover some of the results obtained in the context of random and complex networks.
Second, by associating to each link an elemental impedance, the graph becomes an impedance network. In other words, each link mimics a privileged channel for the charge transfer and/or charge polarization [18, 7] . By taking appropriate contacts and applying an external bias, the electrical network is solved within a linear circuit analysis.
In a simple approach, the spatial position of each node is taken to correspond to the α-carbon of each amino-acid. Hereafter, we call this model the AA model. Each link connecting two nodes is replaced by an elementary impedance consisting of an ohmic resistance connected in parallel with a parallel plate capacitor, filled with a dielectric, so that we can describe both charge motion and electrical polarization. The elementary impedance between nodes i and j, Z i,j , is given explicitly by [7] :
where
, is the cross-sectional area between two spheres of radius R centered on the i, j nodes, respectively; l i,j is the distance between these centers, ρ is the resistivity, taken to be the same for every amino-acid, with the indicative value of ρ = 10
10 Ω m; i is the imaginary unit, i = √ −1, ǫ 0 is the vacuum permittivity, and ω is the circular frequency of the applied voltage. The relative dielectric constant of the couple of i, j amino acids, ǫ i,j , is expressed in terms of the intrinsic polarizability of the i, j amino acids, α i , α j [19] .
By positioning the input and output electrical contacts, respectively, on the first and last node corresponding to the first and last amino acid of the protein sequential structure, the network is solved within a linear Kirchhoff scheme and its global impedance spectrum is calculated within the frequency range 0.1 Hz ÷ 100 kHz. For a given interacting radius, the spectrum depends on the network structure, representing the state of the protein, through the number of links. The change of the state of the protein, by implying a change in the number of links, will lead to a different spectrum of the global impedance. Such a variation of the impedance spectrum is here taken as an estimate of the electrical response to the conformational change of the protein. Since the resistivity associated with an amino acid is taken to be independent of geometry and applied voltage, the above estimate should be considered as a minimum threshold value. By considering more detailed microscopic mechanisms of charge transport [20] , like tunneling, and/or the possible influence of the medium surrounding the protein, the electrical sensitivity to the conformational change can be further modulated and, in particular, amplified.
Materials and methods
The primary structure, i.e. the sequence of amino-acids, is presently available for many proteins. However, the tertiary structure, i.e. the spatial organization, is known only for a few of them and often is more or less incomplete [12] . Furthermore, the number of proteins for which the tertiary structure in different configurations is given, is even less.
In particular, when the representations of different states of the protein are given, they mostly refer to different experimental conditions (X-ray resolution, pH, temperature, etc). The body of all these factors produces a large error bar in the assessment of the protein topology and in the possibility of faithfully discriminate different configurations. As a consequence, we decide to work with the couple of representations Rho-Meta II for rhodopsin and 2ACE-1VOT for AChE [21] . Both these couples have been obtained within the same conditions. The former is the couple of dark Rho state and lightactivated Meta II state of bovine rhodopsin. The latter is the couple of native state and huperzine-A complexed state of AChE.
The method we adopt for comparing the change of impedance spectrum associated with the change of configuration is the analysis of the corresponding Nyquist plot. This plot is obtained by drawing the negative imaginary part vs the real part of the global impedance, within a given frequency range (typically from 0.1 Hz to 100 kHz as in experiments [2, 3] ). For a single RC parallel circuit, the Nyquist plot appears as a perfect semi-circle. In the present case, owing to the presence of many different RC circuits, the plots slightly depart from the perfect semi-circle shape, as more generally described in terms of Cole-Cole plots [21] .
Results and Discussion
The topological network obtained from the protein mapping is in general very dependent on the value of R . Indeed, by increasing R , the degree of each node, i.e. the number of links spanned by each node [17] , increases, in a way that reflects the node distribution in the network. Then, it saturates to the expected value N − 1, with N the number of nodes. Consequently, the total link number shows a characteristic sigmoid-like profile, which saturates to the value N(N − 1)/2. Figure 1 reports the dependence of the total link number on R for rhodopsin and AChE, in both the native and activated state. For very small values of R , less than 3.8Å , the network is poorly connected, which implies a negligible number of links. On the other hand, for very large values of R , larger than about 50Å for rhodopsin and 40Å for AChE, most of the distances between nodes are smaller than R and quite all the nodes are connected, which implies saturation of the total number of links. At these asymptotic values of R , differences in the relative distance between amino-acids, induced by a conformational change, cannot be appreciated by the model. In the intermediate region of R values, the number of links strictly depends on the distance between amino-acids and thus the model makes possible to resolve the different states of the protein. Accordingly, the values of R , which are of interest for making the network able to capture the variation of impedance subsequent to a conformational change, should be chosen in the intermediate region 5 ÷ 50Å , which also overlays the range of the physical interactions among amino-acids. In this region, the difference between the curves of the native (continuous line) and activated state (dashed line) is found to be significantly larger in rhodopsin than in AChE. We notice that, even if the variation in the total link number is small (about 3%, at most) the corresponding networks can be very different. In fact, what mainly determines the network structure is the link distribution among the nodes, i.e. the link specificity. Figure 2 reports the degree distribution for relevant values of the interaction radius. Here we observe that, for small values of R , say 6Å , the distribution is rather peaked implying that each amino-acid interacts practically with the same number of nearest neighbors, independently of its position in the protein. This becomes no longer the case at increasing values of R , say 9 ÷ 12Å , when the distribution broads and several small but detectable peaks appear in the distribution profile. These peaks signal the different clusterization of the protein main structures (helices, sheets). Accordingly, for these values of R the network is maximally able to monitor the internal structures of the protein. When R is further increased, R larger than 12Å , the degree distribution becomes quite broadened and no longer able to provide information on the internal structures of the protein. We conclude that, when the conformational change mainly involves displacements of nearest neighbors, a topological network constructed by choosing values of R in the range 6 ÷ 9Å leads to quite different patterns for the natural and activated structure and thus is very suitable to resolve different configurations. Otherwise, when the conformational change involves displacements of entire structures like helices, the values of the interaction radius should be chosen in a slightly wider range. On this basis, to evidence the most relevant changes of impedance spectrum that can be induced by a conformational change of the protein, we take R values of 6 A and 12Å for rhodopsin and of 6Å and 9Å for AChE. Figure 3 reports the Nyquist plots for the native and activated states of rhodopsin, on the left, and of AChE, on the right. For rhodopsin the impedance is found to exhibit a significative large difference between the configurations, for both the considered values of R . Furthermore, these differences are maxima for R = 12Å . On the other hand, for AChE the impedance is found to exhibit a significant but small difference between the configurations for R = 6Å , and a rather insignificant difference for R = 9Å . These results are a consequence of the substantially different conformational change for the two proteins: Big and large-scale transformation for rhodopsin, little and localized transformation for AChE [22, 23] . To further test the sensibility of the impedance network to the change of conformation, we have implemented the AA model as detailed below.
The BB model
In the previous AA model, for the topological representation of the protein we have identified each amino-acid with its α-carbon. In doing so, we can take into account only the displacements of the protein backbone, which are the main part of the conformational change. However, if the backbone does not displace too much, as the databases suggest to be the case of AChE, then it can be useful to reproduce the residue motions around it. These motions are best evidenced by looking at the β-carbons, instead of the α-carbons.
In fact, the β-carbons are out from the protein backbone, but they are the first carbons on the residual part of each amino-acid. Accordingly, we modify the AA model by simply locating the nodes on the β-carbons, what we call the BB model. In the case of glycine, because of the absence of the β-carbon, the amino-acid representative carbon atom remains the α-carbon. Figure 4 reports the Nyquist plots obtained within the BB model for AChE. The plots refer to the R values of 6Å and 12Å , respectively. We have found that for R = 6Å , the BB model provides a worse resolution than the AA model (see figure 3) . In fact, the mean distance between two contiguous β-carbons is of about 6Å , and this value is larger than the distance between two contiguous α-carbons. Thus, the networks obtained for this value of R are of the sequential kind, like, for example, those obtained within the AA model for R ≃ 4Å . For this values of the interaction radius, the model is not able to distinguish different configurations (see figure 1) . By contrast, for R = 12Å the BB model provides a detectable level of resolution of about 2%, while the AA model is found to be no longer able to discriminate between the configurations.
From the above results we found convenient to combine both the AA and BB models and introduce a third one, the so called AB model.
The AB model
In this model each amino-acid, except glycine, is mapped into a couple of network nodes corresponding to the α and β carbon atoms. Then, all the α-carbons with a relative distance less or equal to R are inter-connected, and the same is carried out for all the β-carbons. Furthermore, each α-carbon is connected with the β-carbon of the same amino-acid. As a consequence, the α and β networks are inter-connected. This procedure can continue by linking all the α-carbon with all the β-carbon of different amino-acids. This would lead to an isotropic model, which is too redundant in order to resolve different configurations [21] . Otherwise, one can stop the procedure and choose different kind of linking. We have explored the second way of proceeding and adopted for the link the so called "way of preferential attachment" [17] . In our case this corresponds to produce links along a preferred path, like in a directed percolation [24] . To better understand this strategy, let us assume a value of R greater than the size of the protein. Accordingly, the first α-carbon of the sequence is connected with all the β-carbons of other amino-acids. Thus, β-carbons after the first have one more link than the first β-carbon. The second α-carbon is then attached only to the β-carbons with higher sequential number, which has also a higher degree. And so on for others α-carbon. Figure 5 reports the results obtained with the AB models. Here we compare the AA and AB model for rhodopsin and AChE. We have found that R =6Å is a lower bound for the application of the BB model. This is also true for the AB model which, for this value of R , gives practically the same results of the AA model. For larger values of R , inside what we called the "intermediate" region of R , the AB model resolves the configuration better than the AA model. For rhodopsin we observe an increase of 6% for R = 12Å and of 5% R = 25Å . This result is consistent with the fact that the conformational change for this protein involves large structures like helices. Indeed, the best resolution is obtained for R =12Å , and the maximal difference in the Nyquist plots is of about 30%.
On the other hand, even for the AB model, the resolution of the AChE states remains poor: It is of 2% within the AB model for R = 9Å , and also for R = 12Å . For these values of R , the AA model does not provide a significative resolution, while we have found that for R = 6Å , the resolution is of 6 %. This is consistent with the fact that, since the enzyme AChE undergoes a localized conformational change, at least when it binds the inhibitor huperzine-A, this transformation is detectable only for small values of the cut-off and leads to a significant but small variation of the corresponding Nyquist plots.
Global properties
We conclude this section by reporting the behavior of global protein conductance and capacitance, as functions of R . Figure 6 shows the static conductance, G = 1/Z(0), versus the reduced cut-off radius R -R 0 , both for the native and the activated state of rhodopsin. The meaning of R 0 is that for values of R less than R 0 ≈3.6Å , the conductance is zero because the network becomes disconnected. The static conductance is found to follow a power law behavior: G ∝ (R − R 0 ) γ , where the exponent γ takes two different values for two different regions of R values: γ ≃ 2 for (R − R 0 ) > 30Å , and γ ≃ 3 for (R − R 0 ) < 20Å (see figure 6 ), for both the native and activated states. We can explain this result by observing that from Eq.(1) it emerges a R 2 -dependence of the single conductance. Then, for increasing number of links, the parallel connections increase more than those in series and this produces a further R -dependence. When the number of links approaches the saturation value, only the R 2 -dependence survives. As expected, the global capacitance is found to follow the same behavior of the conductance, as shown in Figure 7 . Analogous results have been obtained, but not shown, for AChE.
A further test of the network model
As a further validation of the network model, we have considered the case of bacteriorhodopsin. The change of its electrical properties due to the conformational change induced by green light has been recently investigated through current voltage measurements [25] . Bacteriorhodopsin, i.e. a seven helices light receptor like rhodopsin, is present in archea instead of mammalians and works with a different mechanism of signal transmission. Like rhodopsin, its light-sensitive part is the retinal, which is set deep inside the protein. When retinal captures photons, it changes its shape and induces the protein conformational change. However, in bacteriorhodopsin retinal changes its shape from straight to bent, just the opposite of what happens in rhodopsin [12] . Accordingly, for bacteriorhodopsin we expect a pattern of the Nyquist plot associated with the transformation, opposite to that exhibited by bovine rhodopsin, see figure 3 , where the activated state exhibits a static impedance greater than that of the native state. To this purpose, figure 8 reports the Nyquist plot for two different couples of native and activated representations of bacteriorhodopsin, 1FBB (native) -1FBK (activated) and 2NTU (native) -2NTW (activated), for R = 6Å . The plots confirm that the static impedance of the native state is significantly greater than that of the activated state, which is in fact a behavior opposite to that of bovine rhodopsin. On the other hand, this result conforms with the expectations of the topological analysis and agrees with the experimental evidence of an increase of conductance when passing from the native (i.e. in dark) to the activated state (i.e. in the presence of green light) [25] . These findings are taken as a further validation of the network model here reported.
Conclusions
We have proposed a network model within a two step level of application, topological and electrical, to investigate the tertiary structures of proteins and their impedance spectra. This model turned out to be useful in the analysis of the conformational changes some proteins undergo when they modify their function. It gives an estimation of the size of the modification of electrical impedance that the protein undergoes when it activates for the capture of its specific ligand. These kind of measurements, at present quite difficult to be carried out, are, anyway, of great interest. In fact, they can disclose the possibility to produce a new generation of sensors of nanometric dimensions and sensible to even very small quantities of hormones, neurotransmitters, toxic products and so on [7] .
When applied to rhodopsin and AChE, two very different proteins, the impedance network predicts the possibility to resolve the different configurations pertaining to the native and activated state by the difference exhibited by the corresponding Nyquist plots. The resolution level is predicted to achieve a maximum of about 30 % in the variation of the static impedance. In particular rhodopsin, by undergoing an extensive transformation that involves the motion of entire helices, exhibits the largest change of its impedance spectrum, basically retaining the semicircle shape of the Nyquist plot and changing the value of the static impedance for about 30 %. Electrochemical impedance spectroscopy of conformational change has been performed on olfactory receptors which, like rhodopsin, are proteins of the GPCR family. These measurements have evidenced changes of the impedance spectrum up to about 20 % [3] when specific odorants have been added to samples of olfactory receptors. These results represent an indirect confirmation of present expectations on rhodopsin. By contrast, AChE transformation, being associated with the displacement of only few amino-acids, exhibits a small but still significant change (up to 6 %) of its impedance spectrum. For AChE no experimental data are available at present. As further validation test of the methodology here proposed, when applied to the case of bacteriorhodopsin the model correctly predicts the opposite behavior of the Nyquist plot of this protein compared to that of bovine rhodopsin, in agreement with experimental measurements [25] . As final remark, we mention the possible role played by the surrounding media of the protein in determining the absolute value of the impedance. Here we neglected this effect, which we expect to be less sensitive to the conformational change with respect to the amino-acid tertiary structure which is directly involved in the change. 
